Abstract. This paper evaluates the uncertainty associated with a water budget model developed to predict the recharge rate to deep aquifers in the Power River Basin (Northeastern Wyoming). The controlling factors in this model are springtime snowmelt, streambed infiltration, infrequent convective rainfall, and evapotranspiration. The dominant recharge mechanism for the deeper aquifer units was assumed to be infiltrated water at the aquifer margins, where the formations daylight at the edges of the basin. Historical records were used to model infiltration along the formations and gaps in spatial and temporal data were filled using radar-rainfall estimates and climate model reanalysis. Model estimates were compared to field measured values. The uncertainty associated with each component of the water budget model is quantified using a Monte Carlo analysis and error bounds were established for each input parameter, ultimately trying to develop a new methodology to estimate groundwater recharge in semiarid areas using recent advances in instrumentation and remote sensing.
Introduction
The semi-arid environment of Wyoming makes water of utmost importance and therefore the ability to accurately predict the movement of water is of high importance as well. Recently, waters related to Coal Bed Natural Gas (CBGN) production have been of concern, both in quality and quantity. Groundwater quantity in the Powder River Basin (PRB) is of concern here. Groundwater is produced in the as a by-product of CBGN extraction in the PRB. Depending on the water quality, it is placed in infiltration/evaporation ponds or discharged into the surface flow. It is predicted that over the life of the CBGN project over 3,000,000 acre-feet will be removed from the groundwater storage in the Wasatch and Fort Union Formations (BLM, 2003) . This equates to approximately 800 feet maximum drawdown in the Fort Union Formation. As part of the Environmental Impact Statement (EIS) for the PRB, the Bureau of Land Management (BLM) predicted: "Recovery to within 50 to 100 feet of pre-development water levels occurs by 2030. By 2060, water levels in the coal would recover to within 10 to 50 feet of preoperational levels, exception in very localized areas of the basin. Recovery of more than 50 percent in the deep Wasatch Sands would occur by 2030." However, the PRB EIS (BLM, 2003) contains critical assumptions about the recharge rates across the basin that are not fully justified and further research is necessary to verify or contradict the recovery time.
Geology and Groundwater Recharge in the Powder River Basin
Structurally, the Powder River Basin is part of a broad syncline bounded by the Bighorn Mountains to the west, the Black Hills to the east, and the Casper Arch, Laramie Mountains, and the Hartville uplift to the south. The PRB geology is defined by two major formations, the Wasatch and Fort Union, and alluvium veins. The Fort Union formation is further classified into four members: Undifferentiated Fort Union, Lebo Member, Tongue River Member, and the Tullock Member. Heffern and Coates (1999) found recharge to confined units occurred primarily at basin margins, primary in the highly permeable clinker deposits. The eastern PRB is the primary recharge area for the Wasatch formation (Davis, 1976) and the western boundary is the primary recharge zone for the Fort Union formation (Bartos and Ogle, 2002) . Throughout the majority of the basin, the Fort Union formation lies below the Wasatch formation, sometimes over 1400 ft below (WRDS online document). Until the Fort Union daylights from underneath the Wasatch, negligible recharge is expected. The Fort Union daylights at the base of the Bighorn Mountains on the western edge of the basin and again on the western boundary, near the Black Hills.
Model Description and Work in Progress
Having identified the major recharge zones, we propose to estimate the groundwater recharge to the deep aquifers using a water balance equation:
Where P is rainfall, SM is snow melt, ET is evpotranspiration from the land surface, including sublimation of snow, RO is the volume of surface runoff leaving the study area, and GW DEEP and GW SHALLOW are the changes of volume in the deep and shallow aquifers, respectively.
We are in the process of collecting our own data on evapotranspiration, rainfall, net radiation, and soil moisture at two locations in the Tongue and Powder River Basins in far northern Wyoming. An example of one of our instrumentation sites is shown in Fig. 1 . We are also collecting existing data sets to develop a stochastic basin-average precipitation estimate, including March 1 snowfall, and summertime convective rainfall. These data will be used to drive a land-surface model such as the Variable Infiltration Capacity (VIC) model. Model predictions within a Monte-Carlo framework will allow us to estimate basin average recharge rates to the deeper confined units, including confidence limits. The end result of this research will be an improved methodology for estimating groundwater recharge rates in semi-arid regions in the northern Rocky Mountains. 
